The formation of clathrin-coated pits at the plasma membrane requires the concerted action of many different molecules. T h e real challenge lies in determining the hierarchy of these interactions. We are using assays in both intact and permeabilized cells to dissect the temporal requirements for clathrin-coated vesicle formation, and also to examine the role of phosphorylation of the coat proteins.
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system, it was shown that tyrosine-based internalization motifs interact specifically with the p2 subunit of AP2 [6, 7] . Overexpression of mutant p2, which cannot bind to tyrosine-based internalization motifs, results in a striking inhibition of transferrin endocytosis [8] . T h e structure of p2 complexed with peptides corresponding to the internalization domain of the epidermal growth factor receptor and TGN38, a resident transGolgi network protein, has been determined. In the crystal structure, p2 forms dimers, which have been proposed to increase the strength and specificity of binding to dimeric receptors [9] .
T h e interaction of AP2 with receptor tails does not, however, appear to be wholly responsible for the formation of a new coated pit. It is thought that there are nucleation sites on the plasma membrane that account for the precise subcellular localization of AP2 [lo] . Furthermore, regions within the subunits of AP2 essential for correct targeting to the plasma membrane have been identified [ l l ] . The budding of a coated pit is therefore likely to occur because of the concerted action of cargo recruitment coupled with coat rearrangement.
Role of AP2 phosphorylation
AP2 has been shown to be phosphorylated in vivo and in vitro, although, until recently, it has been difficult to attribute a physiological function to these modifications. For example, the ability of AP2 to promote cage assembly is independent of its phosphorylation state. Similarly, the interaction of a recombinant truncated form of p2 with cargo-sorting signals has also been shown to be unaffected by phosphorylation. Our laboratory has recently demonstrated for the first time a functional role for p2 phosphorylation in coated vesicle formation [ 1 21. Assays in permeabilized cells allow the reconstitution of coated-pit assembly, invagination and scission. In this assay system, purified adaptors have been shown to stimulate the formation of new coated pits, which are able to sequester ligand in the presence of rab5-GDI (guanosine nucleotide dissociation inhibitor) [13] . This provided us with a system in which we could manipulate the phosphorylation state of the AP2 complex and measure the consequences in a functional assay. In vitro incubation of purified AP2 complexes with [32P]ATP results in phosphorylation of p2, and this phosphorylation is inhibited by pre-treatment of the AP2 complex with the ATP analogue, fluorosulphonylbenzoyl adenosine (FSBA). This is presumably due to inactivation of the kinase that phosphorylates p2. Addition of FSBA-treated AP2 to our in vitro assay system abolished the ability of AP2 to stimulate ligand sequestration. In the presence of excess ATP, AP2 was protected from inactivation by FSBA. Importantly, prior phosphorylation of AP2 prevented its inactivation by FSBA, indicating that phosphorylation of p2 is essential for ligand sequestration in vitro. In order to confirm our in vitro observations, we took advantage of a haemagglutinin (HA)-tagged construct of p2, which, on expression, allows its incorporation into functional AP2 complexes [8] . We mutated Thr156, the single residue in p2 phosphorylated in vitro ([14] ; E. Smythe and N. Morrice, unpublished work) to alanine. Transfection of HA-p2-(Thr156Ala) resulted in a potent inhibition of clathrin-mediated uptake of ligand. This is therefore the first direct demonstration of a physiological role for phosphorylation of a subunit of the AP2 complex.
Role of dynamin and its binding partners in coated vesicle formation
Phosphorylation of Thr'" is required for an early step in clathrin-coated pit formation. Dynamin is a high-molecular-mass GTPase, which has been implicated at later stages of coated vesicle budding [15] . Through its C-terminal proline-rich domain it interacts with a variety of SH3-domain-containing proteins, including amphiphysin and endophilin (Figure 1) . Amphiphysin also binds to AP2, and is thus thought to act to recruit dynamin to an invaginating coated pit [16] . Endophilin was purified as a factor required for the scission of synaptic-like microvesicles in a cell-free system, and has been implicated in clathrin-coated vesicle formation. It has been demonstrated to have acyltransferase activity, which is postulated to alter the curvature of the membrane and promote scission [17] . We have used the SH3 domains of both amphiphysin and endophilin to probe the molecular requirements for clathrin-coated vesicle formation. Treating permeabilized cells with the SH3 domain of amphiphysin resulted in an inhibition of both ligand sequestration into deeply invaginated coated pits and internalization into coated vesicles. Ligand sequestration can be rescued by the addition of dynamin, whereas the SH3 domain of amphiphysin has a dominant-negative effect on scission. Using dynamin deficient in the ability to bind or hydrolyse GTP, we have shown that both GTP binding and hydrolysis are required for the invagination of clathrin-coated pits pointing, at the very least, to a mechanochemical role for dynamin. We also demonstrated that the SH3 domain of endophilin, which binds both synaptojanin and dynamin, inhibits both late stages of invagination and scission in vitro. This inhibition results from a reduction in PtdIns(4,5)P2 levels, which causes dissociation of AP2, clathrin and dynamin from the plasma membrane. The dramatic effects of the SH3 domain of endophilin led us to propose a model for the temporal order of addition of endophilin and its binding partner, synaptojanin, in the coated vesicle cycle [18] .
Figure I Proteins required for clathrin-coated vesicle formation
Cartoon showing some of the components required for clathrin-coated vesicle formation, and the stages at which they are required.
Conclusions
Many different molecules have been implicated in clathrin-coated vesicle formation, and the real challenge for the future is to determine the hierarchy by which these components are recruited to the coated pit and the nature of their interactions. Introduction
More than 250 pleckstrin homology (PH) domains
The recent first draft of the human genome have been identified in the human proteome. All sequence [l] showed that pleckstrin homology PH domains studied to date appear to bind (PH) domains are the eleventh most common phosphoinositides, most binding only weakly and domain in humans, appearing in some 252 comnon-specifically. Members of a small subclass of ponents of the deduced human proteome. PH PH domains show both high affinity and specificity domains are small b-sandwich protein modules of for particular phosphoinositides, and recent structural studies have provided detailed views of these specific interactions. We discuss the architecture of the specific phosphoinositide-binding sites of PH domains, and how selectivity can be modulated by sequence changes.
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approximately 120 amino acids that occur once or, more rarely, several times, in a protein sequence [ 2 4 ] . Their name is derived from pleckstrin [5], the major protein kinase C substrate in platelets, in which the module was first seen. In 1993, three groups noted that many proteins involved in cellular signalling, cytoskeletal organization, membrane trafficking and/or phospholipid modification contain similar modules [6-81. Nearly all PH domain-containing proteins require membrane association for some aspect of their function. Pairwise amino acid sequence identities between individual PH domains are generally poor, often lying in the range 10-30%, and PH domain identification in databases requires searching with sequence profiles [9-121. Lists of PH domains thus identified can be viewed conveniently
